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Abstract
Heavy quark eﬀective theory predicts that produced charm quarks have the
same probability to fragment into any of the four D mesons with orbital
angular momentum L=0: the singlet D state and the triplet D∗ states.
This would imply PV(D∗,D) = 3/4, where PV is the ratio between di-
rectly produced L=0 vector states (D∗) and all L=0 (D and D∗) states.
Experimental data collected in several diﬀerent collision systems (e+e−,
hadro-production, photo-production, etc.) and over a broad range of colli-
sion energies, show that PV(D∗,D) = 0.594±0.010. From this observation,
it follows that “naive spin counting” does not apply to charm production,
implying a revision of charm production calculations where this assumption
is made.
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Heavy quark eﬀective theory predicts that produced charm quarks have the same probability to
fragment into any of the four D mesons with orbital angular momentum L=0: the singlet D state and
the triplet D∗ states. This would imply PV(D∗,D) = 3/4, where PV is the ratio between directly
produced L=0 vector states (D∗) and all L=0 (D and D∗) states. Experimental data collected
in several diﬀerent collision systems (e+e−, hadro-production, photo-production, etc.) and over a
broad range of collision energies, show that PV(D
∗,D) = 0.594 ± 0.010. From this observation, it
follows that “naive spin counting” does not apply to charm production, implying a revision of charm
production calculations where this assumption is made.
Introduction
Ever since the discovery of the J/ψ meson, the study
of charm production has been an important item in the
physics agenda of many high-energy experiments. On one
hand, the charm quark is relatively heavy, so that charm
production can be studied through perturbative QCD
calculations. On the other hand, it is light enough so
that statistically signiﬁcant measurements can be made
even by experiments using relatively low energy beams.
The measured charged and neutral D mesons account
for ∼80% of the total production cross section of charm
quarks, the remainder ending in Ds mesons (10%), Λc
hadrons (7.6%) and other charmed hadrons or charmo-
nia [1]. A recent collection of p-A and π-A collision
data [2] shows that the collision energy dependence of the
measured charged and neutral D meson cross-sections is
well reproduced by Pythia, a well-known Monte Carlo
event generator [3]. However, the normalisations are oﬀ
by the so-called K-factors, which happen to be around
two times higher for the charged than for the neutral
mesons [2, 4]. The measured D+/D0 ratio from hadro-
production experiments is 0.41±0.03, whereas Pythia
with default settings yields 0.32.
The best known charmed mesons are the D, D∗, D1 and
D∗2. All the heavier states ﬁnish in a D
+ or D0 (charge
conjugation is implied throughout this article: D+ also
stands for D−, and D0 for D0) through a decay chain fully
symmetric with respect to the light ﬂavour content [5],
except for the D∗0 → D+ decay, which is forbidden since
mD∗0 − mD+ < mπ− . This way, all D∗0 mesons decay
into D0 mesons, whereas D∗+ mesons decay into both
D+ and D0 mesons.
We will focus on the D and D∗ mesons, the states with
the lowest lying orbital angular momentum, L=0, since
they are the most abundantly produced. The only dif-
ference between these states is their total angular mo-
mentum, J = L + S: the D∗ mesons are a J=1 vector
spin triplet, while the D mesons are a J=0 pseudoscalar
spin singlet. When populating the states formed when
fragmenting a charm quark into a charmed L=0 meson,
it can be argued that the mass of the c quark is much
larger than that of the light quark, as done in heavy
quark eﬀective theory (HQET) [6, 7, 8]. The result is
that all spin states become equivalent and, consequently,
D∗ mesons should be produced 3 times more often than
D mesons. This picture is also commonly called “naive
spin counting”. Deﬁning PV =V/(V+P), the fraction of
directly produced L=0 vector mesons, HQET then pre-
dicts that PV =3/(3+1)=0.75.
Extracting PV from experimental data
To determine PV we need to consider the production of
charmed mesons taking into account the decay structure
of D and D∗ mesons and sources of feed-down.
The only known feed-down contributions are: B
mesons decaying into D and D∗ mesons; L ≥1 D mesons
(D1, D∗2, etc.) decaying into D and D
∗ mesons; Ds1 and
Ds2 mesons decaying into D∗ mesons; and the ψ(3770)
decays into D mesons. In our study we neglect all these
sources of feed-down for the following reasons: feed-down
from B decays is tagged experimentally as shown, e.g., by
CDF [9]; excited charmed mesons have an eﬀect < 5%
in the measured D meson yields [10, 11, 12, 13, 14, 15]
and decay symmetrically into D and D∗ states [5]; ex-
cited charmed strange mesons have an even smaller ef-
fect than excited charmed mesons, since their production
cross-sections are lower; and ψ(3770) decays have a neg-




Finally, we assume that the direct production of D
mesons follows isospin symmetry. This implies that the
yields of directly produced D0 and D+ mesons are iden-
tical, as well as D∗0 and D∗+, according to experimental
evidence [10, 16, 17].
This way we can express the production of D∗ mesons
as σD
∗
= κPV, where κ is a constant representing the
fraction of the charm quark production cross-section end-
ing in charmed mesons. For D0 and D+ we need to in-











D∗ [Br(D∗+ → D0) + Br(D∗0 → D0)]
= κ (1− PV) + κPV (Br + 100%)
= κ (1 + PVBr) ,
where Br is Br(D∗+ → D0)=(67.7±0.5)% [5]. Similarly,
it follows that σD
+
= κ (1− PVBr). Given the present
accuracy of the measurements of Br, the only factor
that can signiﬁcantly aﬀect the ratio of measured D0 and
D+ mesons is the proportion of directly produced vector
states, PV.
The value of PV can be determined from any simul-
taneous measurement of at least two of the production
cross-sections of D0, D+, D∗+ or D∗0 mesons. The latter
is not commonly measured, since among its decay prod-
ucts there is always a γ or a π0.
The ﬁrst PV estimate for charmed mesons is due
to the CLEO Collaboration, which published the value
0.85±0.11±0.17 in 1988 [18]. This result, consistent
with 0.75, persuaded the community that “naive spin
counting” worked for charm. However, starting from the
product PVBr = 0.44±0.04±0.05 from the same pub-
lication, and using the present value of Br, we obtain
PV = 0.65±0.09. In fact, correcting all the cross-section
measurements of [18] for the “time evolution” of branch-
ing fractions we obtain PV = 0.52±0.05, substantially
lower than the value given in 1988.
In the 1990’s, several experiments published PV values
close to 0.75 from D∗ polarisation analyses [19, 20, 21,
22]. These values averaged to 0.764±0.012, apparently
conﬁrming HQET expectations. However, what these ex-
periments really measured were the relative abundances
of D∗ (J=1) mesons in their diﬀerent spin states, jz=−1,
0 and 1, which were seen to be very similar. To determine
PV, these experiments then assumed that the amount of
D and D∗ mesons with jz=0 was the same, using Ref. [23]
as their basis. In a subsequent D∗ polarisation analysis,
the CLEO Collaboration abandoned this practice under-
standing that this assumption strongly biased the PV
values previously published [24].
In our study we have collected many and varied mea-
surements of charmed meson production that can lead
to an estimate of PV. All measured cross-sections in the
original publications were corrected for the most recent
knowledge of branching fractions from Ref. [5]. When
propagating uncertainties we have combined all quoted
errors (statistical and systematic) in quadrature.
For each experiment we evaluate PV by performing




= κ(1 + PVBr)
FIG. 1: PV values as a function of the collision energy.
Dashed vertical lines signal the successive meson pair produc-
tion thresholds, while the horizontal lines indicate the band
0.594±0.010 and the HQET expectation of 0.75.
FIG. 2: PV values per collision system, for measurements
with
√







if all three cross-sections have been measured. If only
two measurements (or their ratio) are available, we per-
form the ratio of the corresponding equations and solve
it for PV. If an experiment quotes a value of PV that
was obtained with current branching fractions, we use it
directly. To obtain the ﬁnal value we perform a weighted
average of all values of PV for
√
s above the D∗∗D∗∗ pro-
duction threshold, 2mD∗∗ =4.92 GeV.
Table I summarises the values of PV for each exper-
iment, while Figs. 1 and 2 show them as a function of
centre-of-mass energy and production process, respec-
tively.
Figure 1 shows that there is no strong dependence on√
s. The measurements performed at the lowest ener-
gies are either not relevant (if below the D∗ production
threshold) or not robust, since none of the experiments
at these low
√
s values measured D∗ mesons. When
we average all PV values for
√
s > 2mD∗∗ , we obtain
3System
√




e+e− 3.771 MARK-II [25] 0.36±0.11
e+e− 3.773 BES [25] 0.26±0.08




e+e− 4.03 BES [26] 0.78±0.09
e+e− 4.14 BES [26] 1.00±0.22




e+e− 5.20–6.70 MARK-II [27] 0.69±0.14
e+e− 10.55 CLEO [18] 0.52±0.05
e+e− 10.6 ARGUS [28] 0.61±0.07
e+e− 91.2 ALEPH [29] 0.595±0.045
e+e− 91.2 DELPHI [17] 0.620±0.032
e+e− 91.2 OPAL [10] 0.57±0.05
e+e− 91.2 SLD [30] 0.65±0.10
Photo-production
γ-Be 13.73 NA14/2 [31] 0.64±0.16
γ-Be 16.52 E691 [32] 0.608±0.045
γ-p 215 ZEUS [16] 0.566±0.037
Hadro-production
π−-Si 19.39 NA32 [33] 0.60±0.13
K−-Si 19.40 NA32 [33] 0.42±0.18
π−-Cu 20.79 NA32 [34] 0.58±0.09
π±-A 21.68 E769 [35] 0.59±0.05
K±-A 21.68 E769 [35] 0.46±0.09
p-A 21.70 E769 [35] 0.43±0.11
π−-A 25.64 WA92 [36] 0.597±0.018
p-A 41.56 HERA-B [37] 0.57±0.12
d-Au 200 STAR [38] 0.55±0.29
p-p 1960 CDF [39] 0.641±0.035
Other
νμ-A 45.3 NOMAD+CHORUS[40] 0.48±0.18
DIS 319 H1 [41] 0.61±0.07
All
√
s > 2mD∗∗ 0.594±0.010
TABLE I: PV values determined from diﬀerent sources of ex-
perimental data. Values in italic signal experiments that did
not measure D∗ mesons.
0.594±0.010.
Figure 2 shows (for
√
s > 2mD∗∗) the values in groups
related to the production process, conﬁrming the univer-
sality of PV.
Remarks related to the use of Pythia
In Pythia there are three parameters in the PARJ ar-
ray that allow the user to set the PV values. PARJ(13)
E791 data [43] Default Pythia Tuned Pythia
PARJ(13) = 0.75 PARJ(13) = 0.6
D0D0 0.50±0.04±0.01 0.57 0.47
D0D− 0.20±0.02±0.01 0.20 0.21
D+D0 0.18±0.02±0.01 0.17 0.21
D+D− 0.12±0.02±0.01 0.06 0.09
χ2/ndf 2.6 1.1
TABLE II: Comparison between measured charmed meson
pair production fractions and Pythia values obtained using
two diﬀerent PARJ(13) settings. The agreement with the data
is substantially improved using the PV value determined in
this study.
controls both charmed and beauty mesons. Its default
value is 0.75, the “naive spin counting” expectation of
HQET which, as we have shown, does not apply to
charmed mesons. For light mesons PARJ(11) = 0.5,
whereas for strange mesons PARJ(12) = 0.6, following
evidence and ideas expressed by Field and Feynman al-
ready in 1978 [42].
Table II shows a comparison of Pythia simulations
with D meson pair production data from E791 [43], which
was not used in our “world average” of PV. It can be
clearly seen that the description of the data improves
signiﬁcantly when using PARJ(13) = 0.6.
Furthermore, Pythia with PARJ(13) = 0.6 also a
D+/D0 ratio of 0.44, in very good agreement with the
measured average of p-A and π-A data: 0.41±0.03 [2].
We ﬁnish with a remark concerning experiments which
extract charm production cross-sections from the yields
of (high-pT) single leptons. The total electron yield from
D+ and D0 meson decays depends on the proportions of
each of these mesons in the ﬁnal state. Changing PV
from 0.75 to 0.6 leads to 20% more D+ and 7% less
D0 for the same total charm production cross-section.
Since Br(D+ → e+X) = 2.5 Br(D0 → e+X), it fol-
lows that if PV = 0.6 instead of PV = 0.75 we have
a 13% higher electron yield for the same amount of
produced charm quarks. Therefore, charm production
cross-sections derived from high-pT electrons using mod-
els where PV = 0.75 should be down-scaled by a factor
0.89.
Summary and conclusions
In the last 20 years, measurements of the production
of charmed mesons have reached a precision level that
allows to confront theoretical predictions made in the
framework of HQET with the data.
We have collected many measurements from which
a PV value for charmed mesons can be estimated.
Averaging measurements with
√
s > 2mD∗∗ leads to
PV(D∗,D) = 0.594 ± 0.010 as the fraction of directly
4produced D∗ mesons, far below 0.75, the value expected
in HQET.
Using this value of PV in Pythia, instead of the de-
fault 0.75, leads to a much better description of available
data, including the E791 measurements of charm pair
production yields.
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